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ABSTRACT 

We report the discovery of eight lithium-rich field giants found in a high resolution spectroscopic 
sample of over 700 metal-poor stars ([Fe/H] < —0.5) selected from the RAVE survey. The majority 
of the Li-rich giants in our sample are very metal-poor ([Fe/H] ^ — 1.9), and have a Li abundance 
(in the form of ^Li), A(Li) = log(ri(Li)/ri(H)) -I- 12, between 2.30 and 3.63, well above the typical 
upper red giant branch limit, j4(Li) < 0.5, while two stars, with A(Li) ~ 1.7 — 1.8, show similar 
lithium abundances to normal giants at the same gravity. We further included two metal-poor, Li- 
rich globular cluster giants in our sample, namely the previously discovered M3-IV101 and newly 
discovered (in this work) M68-A96. This comprises the largest sample of metal-poor Li-rich giants to 
date. We performed a detailed abundance analysis of all stars, finding that the majority our sample 
stars have elemental abundances similar to that of Li-normal halo giants. Although the evolutionary 
phase of each Li-rich giant cannot be definitively determined, the Li-rich phase is likely connected to 
extra mixing at the red giant branch bump or early asymptotic giant branch that triggers cool bottom 
processing in which the bottom of the outer convective envelope is connected to the H-burning shell 
in the star. The surface of a star becomes Li-enhanced as ^Be (which burns to ^Li) is transported to 
the stellar surface via the Cameron-Fowler mechanism. We discuss and discriminate among several 
models for the extra mixing that can cause Li-production, given the detailed abundances of the Li-rich 
giants in our sample. 

Subject headings: stars: abundances — stars: late-type — stars: Population II — globular clusters: 
individual (M68,M3) 



1. INTRODUCTION 

Lithium (Li) plays a special role in our understanding 
of the Universe. Li, in the form of ^Li, is one of four 
isotopes synthesized immediately after the big bang 
([Stcigman 2007,). The latest estimate of the cosmic 
baryon density from WMAP, n^K^ = 0.02273 ± 0.00062 
(jPunklev et alJ I2009H . implies a primordial abun- 
danctS of AiJA) = 2.72 ± 0.06, using the updated 

^ Based on observations taken at the Keck, Apache Point, Las 
Campanas, and La Silla (ESO proposal ID: 082.B-0484) Obser- 
vatories. 

2A(Li) = log^ + 12 



reaction rates for •^He(Q;, 7)^Li i n the stan dard big 
bang nucleosynthesis calculations (ICvburt et al. 2008). 
This value of the primordial Lithium-7 abundance is 
significantly higher than that derived for metal-poor 
stars, for wh ich ^(Li) = 2 . - 2. 4 f or [Fe/H] = -3.5 
to -1.0 dex fSpite & Spite) ^l'dS24 ^. iRvan et all 



20011: 
200a 



i Melendez fc Ramirez 2004; Charbon nel fc PrimasI 

lAsoIund et al. 2006: Bonifacio et al. 2007: Aoki et alj 
2009; Hosfordct.aL .2009 : Sbordone et al. 2010). 
Lithium is expected to be destroyed in stars, creating 
helium, in regions where the temperature exceeds a 
few times 10^ K. However, the large amplitude of the 
discrepancy with the predicted primordial value of 
Lithium-7, together with its apparent constancy over a 
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range of stellar effective temperatures and gravities (the 
'Spite Plateau'), has stimulated much interest into both 
Lithium destruction and production in stellar interiors 
and into extensions of the Standard Model of particle 
physics. 

The abundance of Li in stellar atmospheres is a very 
useful probe of the structure of the stellar interior and 
the physical processes taking place there. The fragile Li 
nucleus is readily destroyed when the material is exposed 
to temperatures exceeding 2.6x10® K, so that strong Li 
depletion is usually observed in any star whose surface 
convection zone extends deep enough. As soon as a star 
moves beyond the sub-giant branch, convective depletion 
bring s A(Li) down by more than one order of m agni- 
tude (|Pilachowski et all 119931: iGratton et"aIll2000D . and 
A{Li) < 0.5 is typical for stars o n the upper red giant 
branch (RGB) (jLind et all 12009a'). Any giant with a Li 
abundance above this value is considered Li-rich. About 
1% of s olar-metallicity gia nt stars show large Li abun- 
dances (jBrown et al.lll989() . These giants pose a serious 
problem for standard stellar evolution models, and have 
triggered a widespread interest in Li-production in giant 
stars. 

Standard models of stellar evolution predict that Li 
can be produced in the interior, but it is immediately 
destroyed by nuclear burning, as explained above. Fur- 
ther, pre-existing Li in the surface layers of a star is 
burned away due to dilution. However, should there ex- 
ist efficient, extra mixing between the surface and the Li- 
forming layers, ^Li (or its progenitor ^Be) can be brought 
to the cool layers before it burns. Many have tried to ex- 
plain these phenomena using both internal and external 
p rocesses. 

iCameronI (|1955| ) and iCameron fc Fowled (|1971| ) first 
proposed a mechanism in which Li could be pro- 
duced (and survive) by ^Be-transport to the surface of 
intermediate-mass asymptotic giant branch (AGB) stars, 
known as the Gameron-Fowler mechanism. At this stage 
the outer convective envelope is in contact with the H- 
burning shell where '^He-enrichment has taken place from 
the proton-proton reaction chain. The ^He is transported 
to regions with temperatures high enough to burn it to 
^Be by the '^He(a, 7) ''Be reaction. The ^Be is then swept 
up to the stellar surface where it decays to ^Li by electron 
captures (^Be(e~, z^)^Li). This process of '^He transport 
from the inner H-burning shell and subsequent burning 
to ^Be is other wise kno wn as "hot bottom burning" (cf. 
iForestini fc Ch arbonnc lll997l and refer ences therein) . 

Later. iSackmann &: Boothrovdl (|1999| ) showed that the 
Cameron-Fowler mechanism can also occur for low-mass 
giants evolving on the RGB due to extra deep mixing 
and "cool bottom processing" (CBP), in which material 
from the cool-bottom of the outer convective envelope 
reaches temperatures in which the ^He is burned. This 
process was first postulated to explain the abundance s 
of in AGB and RGB stars (iBoothroyd et al.l[l995l ). 
To produce enhanced ^Li on the surface, CBP requires 
high mixing rates (Mp ^ 10~^ MQyr"^). Depending on 
this mixing rate, a star can achieve a Li-enhan c ement 
upwards of A{U) - 4. ISackmann fc Boothrovdl (|19990 
suggest that the rarity of Li-rich giants implies that few 
stars can achieve high enough mixing rates to drive Li- 
production or that the episode of rapid mixing is brief. 



iBoothrovd &: SackmannI (|1999D also note that low-mass, 
metal-poor RGB stars should undergo more aggressive 
CBP than metal-rich giants, since the extra mixing will 
reach higher temperatures. Further, if the ^He is not 
fully depleted during the evolution up the RGB, then 
CBP can also occur on the AGB. In low-mass AGB stars, 
the outer envelope and H-burning shell are not in contact. 
Deep extra-mixing via CBP can connect the two regions, 
allowing the Cam eron- Fowler mechan ism to occur in low- 
mass AGB stars (|Nollett et al.ll2003| l. 

More recently, thermohaline mixing 

(|Charbonnel k PrimasI [20051: iCharbonnel fc Z ahn 200"1 
and magneto-thermohaline mixing ( Denissenkov et al] 
I2009D have been proposed as sources of extra mixing to 
drive Li-production on the surface-layers of stars. On 
the ot her hand, extra m ixing processes at the RGB- 
bump (Charbonncl' Il995j ) may also induce a so-called 
"Li-flash" (Palacios et all I2001D . In this case. Be is 
transported to the surface layers of a star, while the 
star is also rapidly incre asing in luminosity. Thi s mode l 
was later challenged by iDenissenkov fc Herwiel ( )2004l ). 
who independently found that canonical extra mixing 
in stars cannot produce a Li- fl ash. In their more recent 
investigations, iPalacios et al.l ()2006[) were still not able 
to validate the Li-flash model. 

Another scenario invokes mass-loss mechanisms on 
the RGB, which are accompa nied by extra mixing 
that increases the Li- abundance (De la Reza et al.. 19961 
20001). Note, however , that subsequent searches (e.g. 



Fekel fc Wateonl Il998t iJasniewicz et al.l Il999f ) did not 



detect any Li-rich stars in samples of giants with far- 
infrared excess. Finally, external angular momentum 
from a companion object (brown dwarf or giant planet) 
may induce extra mixing neede d to drive the Ca meron- 
Fowler mechanism (.Denissenkov fc Herwiel I2004D . which 
in turn leads to increased Li. 

These models are described in detail in SjSJ but common 
features among these theories is that the Li-enrichment 
on the surface layers of a star can reach values ^ 
2 dex higher than the Spite Plateau. Further, the Li- 
enrichme nt phase is short, lasting ab out 2 Myr (see [JS] 
and e.g.. IDenissenkov fc Herwig|[2004D . Another impor- 
tant aspect of these models is that material from the 
CNO burning regions is also transported to the stellar 
surface. The distinguishing features among the models 
include the mixing mechanism and the timing of the mix- 
ing/burning episodes along a star's evolution, which can 
affect the amount of CNO-material brought to the stel- 
lar surface. These could also have an effect on the abun- 
dances of heavier elements, such as r-, s-, and possibly 
p-process elements present in the star's atmosphere. De- 
tailed elemental abundances of Li-rich giants will there- 
fore provide insight into mixing and nucleosynthesis pro- 
cesses within evolved stars, and will ultimately further 
our understanding of the origins of these peculiar stars. 

Li-rich g iants have been d iscove re d in the field 
(ICharbonne l fc Balachandra^ 120001 : iRoederer et al 
20081: iKumar fc Reddvl [2009; iKumar etH 
201 ll : iMonaco et al.l l2011al) and Galact ic bulge 



(jUttenthaler et al.l l2007i: iGonzalez et all I2009D. as weh 



as m 



^lobular clusters jjcarnev et al.l 119981 : iKraft et al.l 



119991: iSmith et al 
(jDommguez et a" 



a nd dwarf spheroidal g alaxie s 
IMonaco fc Bonifaciol I2008D . 
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These samples contain stars on both the RGB and AGB 
that range in mass 0.8 — 5 Mq) and have metallicities 
from solar down to ^ —2 dex. It is important to note, 
however, that the vast majority of known Li-rich giants 
have metallicities near solar, while few (^4 — 5) Li-rich 
giants have been discovered with [Fe/H] < — 1. 

In their compilation of n e ar so lar-metallicity stars, 
iCharbonnel fc BalachandranI (|200Clf ) found that Li-rich 
giants primarily cluster around two regions in the color- 
magnitude diagram. They associated low-mass Li-rich 
giants with the RGB luminosity bump (RGB-bump), 
while those with intermediate masses were assumed be 
evolving on the early AGB. This is convenient, because 
in both regions extra mixing can be triggered after the 
molecular weight di scontinuity from the first dredge-up is 
erased (see above). ICharbonnel fc BalachandranI ()2000l ) 
suggested that the localization of the Li-rich giants into 
two groups argued against the interaction with a com- 
panion object as the cause for Li-production. This two- 
region picture, however, has been challenged by the dis- 
covery of low-mass Li-rich g iants that lie near the RGB - 
tip (e.g. 'Kraft et al.' '1999"; 'Monaco fc BonifedQl l2008f ). 
where Charbonncl fc Balachandran (200(f had classified 
solar-metallicity stars as intermediate-mass AGB. Fur- 
ther, in a s tudy of Li-rich giants in the thick disk of the 
Milky Way, iMonaco et"all i|2011aD found that the Li-rich 
gi ants in their sample did not fal l in eit her group defined 
bv ICharbonnel fc BalachandranI (|2000t ). 

Metal-poor, low-mass Li-rich giants near the RGB-tip 
further confuse the situation. It is possibl e that these 
stars h ave not yet reached the AGB. Indeed. iKraft et aTl 
(|1999[) found that the Li-rich giant, M3-IV101, had a lu- 
minosity placing it near the RGB-tip, but was most likely 
an RGB star according to the color-magnitude diagram 
of MB, using high-precision photometry. How can we 
distinguish between the RGB and AGB for metal-poor 
stars? A possible discriminant (in addition to the CNO 
abundance differences between different theories of Li- 
production) is that AGB stars that have begun the third 
dredge-up typically show enhancements in the s-process 
elements as compared to RGB stars. As stated above, 
the number of known metal-poor Li-rich giants is quite 
small. A clear classification of the evolutionary phase 
of these stars is absolutely critical for understanding the 
processes that create the Li. It is therefore important to 
identify and analyze more metal-poor Li-rich giants. 

We have discovered nine candidate Li-rich metal-poor 
giants. Eight of the stars were part of high-resolution 
observations of metal-poor stars select ed from the Ra- 
dial V elocity Experiment survey fRAVE. fSteinmetz et al.l 
[2006I) . and' one, in the very metal-poor globular cluster 
M68, was found by us independently of RAVE. In this 
paper, we report on the abundance properties of these 
stars and investigate possible signatures for each star's 
evolutionary stage, and look for supporting evidence of 
the mechanism for enhanced Li-production. 

2. OBSERVATIONS 

The Li-rich stars reported here were among over 700 
candidate me tal-poor stars selected for high-resolutio n 
observations (iRuchti et aO 120101: iFulbright et al.ll2010D . 
based on data obtained by the RAVE survey, with the 
exception of M68-A96, whose Li-rich nature was discov- 
ered during observations of stars in that globular cluster. 



The full details of the high-resolution observations and 
reductions of the RAVE stars can be found in the papers 
cited above, but some information is given in Table [TJ 
M68-A96 was observed with the echelle spectrograph on 
the Irenee du Pont 2.5-m telescope at the Las Campanas 
Observatory. For comparison purposes, we also analyzed 
a blue Keck/HIRES spectrum taken in March 1999 of 
the previously-known Li-rich giant M3 IV- 10 1. Note that 
this sp ectrum is not the same as that used bv lKraft et al.l 

The spectrographs used for our observations deliver a 
resolving power greater than 30,000. The S/N level of 
the observed spectra are quite good: nearly all have S/N 
ratios greater than 100 per pixel. With the exception of 
the UCLES spectrum, the wavelength coverage goes from 
below 4000 A to beyond 8000 A (for UCLES the range 
is roughly 4460-7260 A), although there are some gaps 
in coverage. In each case the data were reduced using 
standard reduction methods for echelle data, utilizing 
pipeline reduction programs when available. 

During routine inspection of the ^ 700 spectra taken, 
we noticed that the 6708 A Li i lines in some of the stars' 
spectra were unusually strong. For example, the Li i line 
in the star J 142546. 2- 154629 has an equivalent width 
(EW) of ~ 540 mA (see M.ip . This is roughly twice 
as strong as each of the Na D lines in this star. In sev- 
eral of the other spectra, the 6708 A line appeared on 
two adjacent orders, so it was very unlikely the feature 
was an artifact introduced by some feature of the obser- 
vation or reductions. The 6103 A Li i line was also visible 
in most of these anomalous stars, confirming the high Li 
abundances. 

3. ANALYSIS 
3.1. Stellar Parameters 

The abundance determinati ons were achi eved with 
the MOOG analysis program (jSnedenl Il973[ ). using 1- 
D, plane-parallel Kurucz model atmospheretQ under the 
assumption of static equilibrium and LTE. Stellar param- 
eters were d erived following a variatio n of the methods 
described in IRuchti et all (|20Tol l20TTh . The initial ef- 
fective temperature, Tjni, was set by using the excitation 
temperature method based on Fe i lines. The initial value 
of the surface gravity (log g-mi) was set using the ioniza- 
tion equilibrium criterium utilizing the iron abundance 
derived by both Fei and Fell lines. The initial [Fe/H] 
value of the stellar atmosphere for each star was chosen 
to match the [Feil/H] value derived from the analysis. 
The value of the microturbulent velocity (vt) was set to 
minimize the magnitude of the slope of the relationship 
between the iron abundance derived from Fei lines and 
the value of the reduced widt h of the line. 

In lRuchti etall ([MnllMll ) . we found during our anal- 
ysis of the spectra for sever al globular clus ter giants and 
giant stars selected from the lFulbrightl ()2000 ) sample that 
the effective temperature estimate from the excitation 
method showed an offset, that correlated with [Fe/H]ini, 
when compared to photometric temperature estimates 
(using the 2MASS color-temperature transformations of 

^ See jhttp: / /kurucz. harvard.edu/| 
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Table 1 

Observational Data 



Star 




DEC 


Mag.* 


Obsdate 


Observatory'^ 


Instrument 


S/N'' 




n 


n 




(yyyymmdd) 






(pix-l) 


C1012254-203007 


153.106 


-20.502 


11.6 


20070506 


LCO 


MIKE 


100 


J043154. 1-063210 


67.976 


-6.536 


10.4 


20071219 


APO 


ARCES 


100 


J142546. 2-154629 


216.443 


-15.775 


9.8 


20090212 


La Silla 


FEROS 


130 


J195244.9-600813 


298.187 


-60.137 


10.1 


20081016 


LCO 


MIKE 


160 


T5496-00376-1 


155.025 


-13.095 


9.1 


20070421 


APO 


ARCES 


130 


T6953-00510-1 


327.969 


-22.935 


9.9 


20081016 


LCO 


MIKE 


140 


T8448-00121-1 


348.250 


-45.119 


10.0 


20070922 


AAT 


UCLES 


100 


T9112-00430-1 


312.012 


-65.966 


10.4 


20081016 


LCO 


MIKE 


140 


M3-IV101 


196.259 


28.303 


(13.2) 


19990323 


Keck 


HIRES 


80 


M68-A96 


180.659 


-26.717 


(13.0) 


20040106 


LCO 


du Pont Echelle 


100 



^ equinox 2000 

^ The /-magnitudes from the RAVE database are given here for the eight RAVE stars. V-magnitudes arc 
given in parentheses for M3-IV101 Uohnson &: Sandag j|1956f) and M68-A96 IIAlcainolll977l) . 
^ LCO— Los Campanas Observatory, APO— Apache Point Observatory, AAT— Australian Astronomical 
Telescope 



Estimated between A5500-6000 A. 

iGonzalez Hernandez &: Bonifacicill2009[ ). We have since 
found similar results using the color-temperature trans- 
formations of Casagrande et al. (2011, private commu- 
nication). We the refore applied the t emperature correc- 
tions described in lRuchti et al.l ()2011l ) to the Li- rich can- 
didates in our current sample. The analysis described 
above was then performed again, but with the effective 
temperature now forced to equal the corrected tempera- 
ture estimate, Tes- The final adopted values of the stellar 
parameters for our Li-rich stars are given in Table [21 The 
error in effective temperature, (TTett =140 K and [Fe/H] 
g[Fe/H ] = 0.10 dex, were adopted from iRuchti et alj 
((20101 [20T1I) . We estimated an error in surface grav- 
ity of 0.3 dex; however, the error could be larger for the 
lowest gravity stars (as is described below). 

The method of using ionization equilibrium to de- 
rive the surface gravity is believed to be unreli- 
able in very metal - poor s tars due to non-LTE effects 
(|Thevenin fc IdiartI [l99l IKraft fc Ivaiisl [200l . The 
abundance derived from the Lii line, however, is 
nearly indep e ndent of th e adopted surface gravity. In 
IRuchti et al.l (j2010l 1201 ID . it was assumed that no gi- 
ants lie above the RGB-tip, but we do not make this 
assumption here since the evolutionary stage of our gi- 
ants will affect the interpretation of our abundance re- 
sults. We th erefore did no t apply any of the corrections 
described in IRuchti et al.l ([2011) to the surface gravity 
of our Li-rich candidates. Most of our Li-rich candi- 
dates ha ve log g > 1 .0, va l ues w hich were not cor- 
rected in IRuchti et all (|20ia 120 111) . Three stars have 
log g = 0.6 — 0.8, for which the correction would only 
be 0.1-0.2 dex, well within our errors. The star T9112- 
00430-1 has the lowest gravity, suggesting it lies far above 
the RGB-tip (see Figure [T|). The derived values of the 
stellar parameters (specifically gravity) of this star are 
most likely affected by large non-LTE effects. If we were 
to increase its g r avity estimate by 0.5 dex, as prescribed 
bv lRuchti etaLl (|201lD . it would lie close to the RGB-tip. 

The majority of our Li- rich candidates have [Fe/H] < 
-1.8. The most metal-rich star, T5496-00376-1, has 
[Fe/H] = —0.63, which is much more metal-rich than 
the rest of the candidates but is at the lower end of 
most previous studies. We include it here, because of 
its Li-rich nature. Our estimates of Toff and [Fe/H] for 



M3-IV101 strongly resemble those found bv IKraft et alJ 
([1999), showing differences of only 36 K and 0.02 dex 
in TefT and [Fe/H], respectively. Our log g value, how- 
ever, is about 0.2 dex lower than their value. This off- 
set is very similar to the correction that would be made 
to our log g value if we were to follow the analysis in 
IRuchti et all ()201lD . Our [Fe/H] estimate for M68-A96 
also agrees within ^ 0.02 dex with metallicity estimates 
for the M68 cluster (jLee et al.ll20"05il . 

3.2. Luminosity 

The luminosity of e ach star was estimated by fitting 
to Pa dova isochrones (jMarigo et al.l l2008t iGirardi et alJ 
|2010( ). The Z- metallicity of each star was derived 
by combining [Fe /H] and alpha-enha ncement using the 
transformation of iSalaris et al.l (|1993D . We assumed an 
alpha-enhancement equal to [Mg/Fe] measured for each 
star (see ^4.3p . We then fit each star to the isochrone 
with the closest matching metallicity in a grid of 12 Gyr 
isochrones with metallicity steps oi Z = 0.00002. It 
is possible that some of our stars are younger (espe- 
cially T5496-00376-1), but the error in the luminosity 
due to our uncertainty in log g far outweighs this. Fig- 
ure [1] shows each star and the isochrone of the same Z- 
metallicity in the gravity-temperature plane. 

The luminosity at the point on the isochrone with the 
same log g value as the star being fit was chosen as the 
luminosity of the star, except for T91 12-00430-1. This 
star has a gravity above the limits of the isochrone (see 
Figure [T]). We therefore adopted the luminosity at the 
lowest-gravity point on the isochrone. We linearly in- 
terpolated the luminosity values versus log g for stars 
with log g values lying between the points on the corre- 
sponding isochrone. We further estimated two extreme 
luminosity values for each star by adding and subtracting 
0.3 dex to each star's log g value and then fitting again. 
Errors were then estimated by taking the difference be- 
tween these extreme values and the value taken from the 
original fit. This resulted in a typical error in the lumi- 



nosity of each star of cti, 



og(L/L0) 



0.3. Most stars lie 



between the RGB and AGB branches of the isochrones, 
making it difficult to label them as one or the other from 
inspection of Figure [T] alone. The estimated luminosity 
from fitting to either branch showed no differences. We 
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Table 2 

Stellar Parameter Values 



Star 


^cff 


log g [Fe/H] 


vt 


log(L/L0 


) POP 




(K) 






(km s-i) 






( error) 


±140 


±0.3 


±0.10 


±0.1 


±0.3 




C1012254-203007 


4518 


1.1 


-2.55 


2.2 


2.9 


3 


J043154.1-063210 


5440 


2.5 


-1.85 


1.3 


1.8 


3 


J142546.2-154629 


4341 


0.9 


-2.08 


2.3 


3.0 


3 


J195244.9-600813 


5025 


2.1 


-1.41 


1.7 


2.0 


2.5 


T5496-00376-1 


4887 


2.2 


-0.63 


1.4 


1.9 


2 


T6953-00510-1 


4867 


1.8 


-1.93 


1.8 


2.3 


2 


T8448-00121-1 


4655 


1.1 


-2.45 


2.0 


2.9 


3 


T9112-00430-1 


4370 


0.0 


-2.21 


3.1 


3.5 


3 


M3-IV101 


4236 


0.6 


-1.52 


1.8 


3.2 




M68-A96 


4549 


0.9 


-2.18 


1.8 


3.1 





2=thick disk, 2.5=thick/halo, 3=halo 



discuss the phase of evolution of each star in more detail 
later (see . Our values for the luminosity of each star 
are listed in Table [2J 

Given thes e luminosities , we followed the methodology 
described in iRuchti et al.l (HOll) to determine in which 
Galactic population each of the Li-rich giants most likely 
belongs. The final population assignment for each Li-rich 
candidate is given in Table [5] Note that the same popu- 
lation assignment was found using the stellar parameters 
derived in this work for the four stars (J142546. 2-154629, 
J195244.9-600813, T5496- -00376-1, and T6953-005 10-1) 
that were also analyzed in IRuchti et al.l (|201Cll . l201lh . Ah 
stars were assigned to the th ick disk, halo, or t hick/halo 
intermediate population (see lRuchti et al.ll201lL for more 
details) . This implies that the Li- rich giants in our sam- 
ple are old (> 10 Gyr) and metal-poor. Thus, they most 
likely have low masses, M < 1 Mq. 

4. RESULTS 

4.1. Lithium Abundances 

The Li abundances for each star were derived assuming 
all the Li was from the ''Li isotope. Equivalent widths 
were measured for both the 6708 A and 6103 A Li i lines. 
We then derived the abundance of Li from both lines 
in each o f LTE and non-LTE following the methods de- 
scribed in lLind et al.l ()2009b[ ). These values can be found 
in Table O 

The derived ^(Li) values for our Li-rich sample are 
shown in Figure [2] as a function of the stars' estimated 
luminousity (calculated above). Note that, for stars that 
had ^(Li) estimates from both Lii lines, the value in the 
figure is the mean of the two values. Further, we found 
a typical error of ^ 0.20 dex from the difference between 
that found for the 6708 A and 6103 A hues. Figure [1 
also includes the Li abundances we derive for a sample of 
58 RAVE very metal-p oor (hereafter RAVE- VMP) stars 
with [Fe/H] < -2 from lFulbright et al.l(|2010D . Note that 
26 measurements are only upper limits. We followed the 
same analysis procedure given above for all RAVE-VMP 
data, and the full results for the entire sample will be 
published in a later paper. 



Note that both J043154.1-063210 and J195244.9- 
600813 have luminosities and Li-abundances that place 
them along the trend of "Li-normal" giants near the 



RGB-bump. We therefore no longer classify them as Li- 
rich. The remaining Li-rich giants have Li abundances 
that clearly separate them from the Li-normal giants (see 
Figure [2]). As was found in previous studies, the major- 
ity of our Li-rich giants separate into two regions: the 
lower (near the RGB-bump) and upper RGB, separated 
at log(L/LQ) ~ 2.4 (see also Figure [I]). T6953-00510-1, 
however, appears to lie between these two regions. 

4.2. CNO Abundances 

We determined the CNO abundances for our giants 
using MOOG, under the assumption of molecular equi- 
librium, since the CNO atoms can be partly bound to- 
gether in molecules, esp ecially for cooler stars (see, e.g., 
IGratton fc Snedenl[l99l . 

Oxygen abundances were first determined from the 
EWs of the O I forbidden lines at 6300 A and 6363 A, 
and are given in Table |3| The ^/-values of the lines 
were taken from iLamberti ()1978[ ) , and t he solar abun- 
dance, ^(O) = 8.69, was selected from lAsplund et al.l 
(|2009| ) . We correct ed the O i 6300 A line for the weak Ni i 
6300.34 A line (see I Allende Prieto et all 1 1 9991) following 
the same methodologv as iFulbright fc JohnsMil (|2003| ). 

We next determined [C/Fe], [N/Fe], and the ^^G/^^G 
ratios for our giants by spectral syntheses of CH 
and CN lines using the Plez line lists and oscillator 
strengths (Plez 2011, private commun ication; see also 
iHill et alJ 120021 : iGustafsson et al.l 12008') combine d with 
the V ienna Atomic Line Database (VALE0, Kupk a et alJ 
I2000D. We adopted dis sociation ener gies of 3.47 eV 
(|Huber fc Herzberd [19791 ) and 7.66 eV (jLambert][T978h 
for CH and CN, respectively. The CH lines between 
4320-4328 A were used to estimate the C abundance of 
each star given the value of A{0) found above. Given 
these values of ^(O) and ^(C), the N abundance was 
determined using CN lines at the 3883 A band (and the 
4216 A band, see below). Finally, the ^^c/isc isotopic 
ratio was constrained by combining information from the 
above lines with that derived from fits to CH and CN 
lines in the wavelength range 4200-4220 A. We then it- 
erated this procedure with the input CNO abundances 
equal to the previous iteration until we obtain a self- 
consistent solution to all three abundances. 



During the syntheses of C and N, the Li-rich candidates 
fell into two classes: those with a strong CN-3883 band 
and those with a weak one. The final syntheses are shown 
in Figures [3] and [H respectively. The lines in the CN- 
strong stars could very well be saturated (most obvious 
in the M3-IV101 spectrum). We therefore included the 
4216 A CN-band in our syntheses to constrain the N 
abundance for these stars. Although the CN-4216 band is 
very weak for the CN-weak stars, we include it in Figure^] 
for comparisons. 

The resultant [C/Fe] and [N/Fe] values from the syn- 
theses are given in Table [3] and plotted versus log g in 
Figure [5] Note that we adopted the solar abundances 

* littp:/ /vald. astro. univie.ac.at/~vald/php/vald.plip 
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Figure 1. The poaition of our Li-rich stars in the gravity-temperature plane. Also plotted are 12 Gyr Padova isochrones UMarigo et al.l 
120081 : [Girardi et aI.II20l"Ol ) of an appropriate metallicity to that of each star. The name, stellar parameters (given as T(,ft/log g/[Fe/H]), 
and Li-abundance, A(Li), are shown in each panel. The circle on the RGB and thickened region on the AGB at log g ~ 2 represent 
the luminosity bumps on the RGB and AGB, respectively. Note that with the values estimated here, T9112-00430-1 lies well above the 
isochrone, which is most likely a reflection of the inappropriateness, for this star, of the assumption of a steady-state atmosphere in LTE. 

star. Using the same error analysis as for C and N, we 
found that our errors in [0/Fe] are about 0.10 dex. It is 
important to note, however, that the EWs for C1012252- 
203007, J043154.1-063210, M68-A96, and T8448-00121-1 
are less than 10 mA for both lines, and so the error in 
[0/Fe] increases to ~ 0.15 - 0.20 dex. The ^^C/^^C iso- 
topic ratio was very difficult to constrain since most of 
our stars were fairly deficient in carbon (see below), and 
so the ^^CH features were very weak. The best- fit value 
for most stars subsequently had a fairly flat likelihood 
peak. We therefore give a range of values, as well as the 
best fit value, in Table [3] 
The CNO abundances of M3-1V101 have been ana- 



for C and N from lAsplund et al.l (|2009f) . The scatter in 
individual [C/Fe] and [N/Fe] values is due to variations 
between stars, not the quality of the determination (we 
investigate the interpretation of this scatter in a separate 
paper). We estimated the internal errors to be '--^ 0.1 dex 
in [C/Fe] and ~ 0.1 - 0.2 dex in [N/Fe], depending on 
the quality of the spectrum and the strength of the CN- 
bands. We further varied the estimated values of the 
stellar parameters of each star according to their 1-sigma 
errors to investigate the sensitivity of our syntheses to the 
chosen values of the stellar parameters for each star. Our 
stars consistently show errors of ~ 0.1 and ^ 0.1 — 0.2 dex 
in [C/Fe] and [N/Fe], respectively, and show the highest 
sensitivity to changes in the effective temperature of a 
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Figure 2. Derived A(Li) abundance as a function of Iog(L/L0) for the giants analyzed in this paper. Stars from the RAVE-VMP 
sample arc plotted as blue open circles and downward pointing arrows (for upper limits), and represent "Li- normal" stars. The filled circles 
represent the six Li-rich field giants discovered in this paper from the RAVE sample, and the filled squares represent the two Li-rich globular 
cluster giants. The filled triangles represent the two giants in our sample that are more Li-normal for the given luminosity bin. Error bars 
in log(L/L0) represent the difference in luminosity when we added or subtracted 0.3 dex from our value of log g for each star. Also shown 
are the range of estimates for the primordial abundance of Li given by WMAP and the Spite Plateau. Note that several of the giants in 
our sample have derived Li abundances that are much greater than the primordial values. 



lyzed previously in the literature, which makes it use- 
ful for comparisons. We only compare the abundance 
values, since there will be offsets in the element ratios 
with iro n due to d if ferenc es in reference solar abun- 
dances. IKraft etahl (|1999l ) fo und using CH lines that 
^(C) - 6.55 for this star, while iPilachowski et all (pOOl 
found a value of ^ 6.31 using CO lines. Our value of 
[C/Fe] = —0.5 corresponds to A{C) = 6.4, which lies 
between the Kraft et al. and Pilachowski et al. values. 
The variation in the values could be attributed to differ- 
ences in atomic and molecular line data. On the other 
hand, we found values of A{0) = 7.41 and A(N) = 7.61, 
which are only 0.01 dex and 0.06 dex higher than those 
found by IKraft et al.l (I1999D . respectively. Note that 
IPilachowski et al.l (12003) did not measure N abundances 
in their work. They did, however, measure the carbon 
isotopic ratio, finding ^^C/^^C = 11, which is very close 
to our best- fit value given in Table [H 

The final value of [C/Fe] for the Li- rich giants ranges 
from -0.7 for C1012254-203007 and T9112-00430-1 to 
+0.3 for J043154.1-063210, while all stars have [N/Fe] 
and [0/Fe] values greater than zero. In Figure \E\ we 
also plot the ratios found for the RAVE-VMP compari- 
son sample, described in §4.11 As illustrated in the fig- 
ure, all Li-rich giants fall within the general trend of the 
RAVE-VMP stars. The [C/Fe] and [0/Fe] ratios appear 
to possibly increase with gravity, while [N/Fe] ratio may 



decrease with gravity. We computed Spearman's rank 
correlation coefficient, r^, to investigate the level of cor- 
relation between all three ratios and log g. We found 
that [C/Fe] weakly correlates with gravity, with a value 
of Ts ~ -1-0.5. However, we found values of ~ -1-0.3 
and —0.3 for the [0/Fe] and [N/Fe] ratios, respectively, 
which implies no significant correlation. The weak trend 
in [C /Fe] is a sign that the lower gravity stars have been 
affected by more CNO cycling and internal mixing (see 
also Sj5]). The Li-rich giants at large gravity (log g > 1.5) 
show the possibility of a slight enhancement in [N/Fe] as 
compared to the RAVE-VMP stars, but this is not con- 
clusive given errors. We will discuss these trends in more 
detail for the entire RAVE-VMP sample in a later paper, 
but the main point to take away is that the Li-rich giants 
and RAVE-VMP stars appear to have experienced very 
similar CNO-cycling. 

All of the Li-rich giants have a ratio of the number 
of C atoms to O atoms, log(C/0) < 0, which can be 
an indicator of the nature of their evolution should any 
of them be AGB stars (see §5.31 for more details) . M3- 
IVIOI and T6953-00510-1, however, have log(N/0) > 0. 
Further, like in [N/Fe], the Li-rich giants at large log g 
show indications of a slight enhancement in log(N/0) as 
compared to the RAVE-VMP stars. Note that T6953- 
00510-1 is the most enhanced in [N/Fe] and [0/Fe] and 
J043154.1-063210has the highest enhancement in [C/Fe] 
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Figure 3. Sample of the CN-strong stars' spectra in tiie region used to measure tiie carbon abundance (left) and the two regions used to 
measure the N abundance, CN-3883 (middle) and CN-4216 (right). The solid-red line represents the synthesis with the best fit parameters 
given in Table [3] 



among the Li-rich giants. 

4.3. Additional Elements 

We ha ve used the Une Usts of iFulbrightl (|200Cll ) and 
IJohnsonI ([2002) to measure the abundances of other el- 
ements for these stars, inchiding Mg, Na, and several 
neutron-capture elements, for which the ratio with iron 
is given in Table |4l Hyperfine splitting effects were taken 
into account for the Na I D lines and the lines of Ba II 



and Eu II. Solar values fo r all e lements were again se- 
lected from lAsplund et all (|2009[ ). The neutron-capture 
elements can be especially important since they can in- 
dicate the possible presence of dredge-up in AGB stars. 

The derived abundance ratios for these elements are 
shown versus [Fe/H] and log g in Figures [B] and [71 respec- 
tively, for our Li-rich candidates. We further plot the 
abundance ratios of our Li-normal VMP giants. Most 
of our stars have ratios that resemble that of the Li- 
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Figure 4. The same as Figure[3] but for those stars with a weak CN-3883 band. 



normal VMP giants of like metallicity and gravity. The 
Li-rich giant, T6953-00510-1, however, shows enhance- 
ment in the s-process elements (Sr, Y, Zr, Ba, La, Pb) 
as compared to the other stars. Further evidence for s- 
process enhancement is found in the top plots of Figure [51 
in which T6953-00510-1 shows enhancement in [Ba/Eu], 
which gives the ratio of s-process to r-process in a star. 
Other ratios, such as [Y/Zr], [Y/Ba], and [Ba/Eu] (see 
Figure [U, are similar between the Li- rich giants and Li- 
normal VMP stars. 



Since T6953-00510-1 is the only star with enhanced s- 
process abundances, this enhancement is probably not 
connected to the mechanism that is enriching the Li in 
our stars. Further, this star is not located near the TP- 
AGB evolutionary phase (see Figure [T]) where we would 
expect dredge-up of s-process enriched material. The 
simplest explanation is that this star is a part of a binary 
system in which its atmosphere has been polluted by a 
higher-mass companion that has already gone through 
its TP-AGB phase. We do not detect any variation in 
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Table 3 

Lithium and CNO Abundance Data 



Li-6708 A Li-6103 A 



Star 


[Fe/H] 


[C/Fe]=' 


[N/Fe]'» 


[O/Fe]'' 


log(C/0) 


12c/13cb 


EW Li 


A(Li) 


^(Li)NLTE 


EW Li 


A(Li) 


A(Li)Ni 


C1012254-203007 


-2.55 


-0.7 


0.7 


0.61 


-1.6 


1-5 (1) 


279.6 


2.52 


2.30 


6.3 


1.93 


2.06 


J043154.1-063210 


-1.85 


0.3 


0.3 


0.52 


-0.5 


5-15 (12) 


30.0 


1.69 


1.71 








J142546. 2-154629 


-2.08 


0.0 


0.6 


0.72 


-1.0 


> 10 (22) 


540.0 


3.86 


3.63 


211.6 


3.85 


3.85 


J195244.9-600813 


-1.41 


-0.6 


1.1 


0.53 


-1.4 


> 5 (5) 


72.7 


1.73 


1.79 








T5496-00376-1 


-0.63 


-0.3 


0.4 


0.34 


-0.9 


5-20 (15) 


323.7 


3.28 


2.94 


34.0 


2.91 


3.03 


T6953-00510-1 


-1.93 


0.1 


1.9 


1.00 


-1.2 


3 - 7 (5) 


254.3 


2.82 


2.53 


8.8 


2.28 


2.38 


T8448-00121-1 


-2.45 


-0.3 


0.4 


0.14 


-0.7 


> 10 (28) 


389.2 


3.71 


3.06 


67.5 


3.19 


3.29 


T9112-00430-l'^ 


-2.21 


-0.7 


0.8 


0.44 


-1.4 


> 5 (10) 


485.2 


3.15 


3.08 


68.0 


2.92 


3.09 


M3-IV101 


-1.52 


-0.5 


1.2 


0.24 


-1.0 


10 - 20 (12) 


508.5 


3.49 


3.46 


211.6 


3.68 


3.76 


M68-A96 


-2.18 


-0.4 


0.4 


0.30 


-1.0 


3 - 5 (4) 


336.5 


2.95 


2.64 


23.0 


2.52 


2.66 



Solar abundances adopted from lAsplund et al.l <|2009I ) ■ 

Number in parentheses is the best fit value for CH and CN lines between 4200 — 4220 A. 



A(Li) computed for log g — 0.5. 
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Figure 5. CNO abundance ratios with Fe, as well as the log of 
the number ratios of C/O and N/O, are shown versus log g. The 
six Li-rich field giants are represented as circles, while the two Li- 
normal field giants are shown as triangles. The two Li-rich globular 
cluster giants are shown as squares. The VMP comparison sample 
are shown as plus symbols. Note that all of the Li-rich giants have 
C/O < 1 (log(C/0) < 0), but two stars have N/O ^ 1. T6953- 
00510-1 has the highest enhancement in N and O, while J043154.1- 
063210 has the highest enhancement in C. 



the radial velocity of this star (see §4.5p . but this sce- 
nario is still possible if the binary system is wide. It is 
also possible that T6953-00510-1 formed from s-process 
enriched material left by a star of an early generation 
that had gone through its TP-AGB phase, but this sce- 
nario would require extremely incomplete mixing of the 



I SM prior t o next generation of stars. 

ILee et all (j2005f) measured abundances for seven stars 
in M68, but they did not include M68 A-96. If we use 
their line list and follow their analysis methods, we mea- 
sure abundances for this star nearly identical to their 
mean cluster values. 



4.4. Projected Rotational Velocity 

Some have found that many of their metal-rich Li- 
rich giants had high proje cted rotational velocities , f sim 
(e.g.. IGuillout et all ^0091 ). Further. [Drake et al.l (|200l 
suggested that the fraction of Li-rich stars can be as 
high as 50 percent among rapidly rotating giants. We 
therefore computed vsini for the Li-rich giants in our 
sample to determine if any are rapid rota tors. We de- 
rive d vsini following the met hodology of iFekell (|1997[ ) 
and lHekker fc Melendei (|2007f ). First, the measured stel- 
lar broadening, X^^asj was estimated as the average of 
the full-width-at-half-maximum (FWHM) of several Fe i 
lines near 6750 A. The FWHM of several ThAr lines 
(from arc spectra taken during the night of each obser- 
vation) in the same wavelength region as the Fel lines 
were averaged to estimate the instrumental broadening, 
-^inst- The intrinsic broadening can then be estimated 



Y2 

^insf 



(1) 



We then determined the total broadening, Xtot, given 
our value of Xjntr for each star, usi ng the second-order 
polyn omial fit to Xintr vs. Xtot from lHekker fc Melended 

pool . 



0.10963 -I- 0.002758A:t, 



0.001278X' 



(2) 



The projected rotational velocity, wsini, of a given star 
can then be computed as -y^ X^^^^ — , where Wm is the 
macro-turbulent velocity of t hat star. We adopted the re - 
lations between and T^s in lHekker fc MelendezI (|2007[ ) 
for different luminosity classes to estimate Vm for each 
Li-rich giant. We assumed that the Li-rich giants in our 
sample near the RGB-tip were class II and those near the 
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Table 4 

Elemental Abundance Data 



Star 


[Fe/H] 


Na'^ 










Ba'' 


La'' 


Eu'' 




[Ba/Eu] 


[Y/Zr] 


[Y/Ba] 


C1012254-203007 


-2.55 




0.41 


0.01 


-0.24 


0.08 


0.10 


0.37 


0.51 




-0.41 


-0.32 


-0.34 


J043154.1-063210 


-1.85 


0.08 


0.46 


-0.01 


-0.29 


0.24 


-0.50 




0.70 




-1.20 


-0.53 


0.21 


J142546.2-154629 


-2.08 


-0.24 


0.60 


-0.02 


-0.38 


0.08 


-0.29 


0.00 


0.14 




-0.43 


-0.46 


-0.09 


J195244.9-600813 


-1.41 


0.14 


0.40 


0.02 


-0.08 


0.32 


0.13 


0.18 


0.29 


0.19 


-0.16 


-0.40 


-0.21 


T5496-00376-1 


-0.63 


0.19 


0.13 


-0.24 


-0.20 


-0.22 


0.18 


0.17 


0.23 


0.22 


-0.06 


0.02 


-0.38 


T6953-00510-1 


-1.93 


0.21 


0.33 


0.17 


0.13 


0.51 


0.89 


1.26 


0.33 


1.48 


0.56 


-0.38 


-0.76 


T8448-00121-1 


-2.45 


-0.01 


0.30 




-0.18 




-0.82 












0.64 


T9112-00430-1 


-2.21 


0.00 


0.45 


0.19 


-0.40 


-0.12 


-0.30 


0.28 


0.71 




-1.01 


-0.28 


-0.10 


M3-IV101 


-1.52 


0.34 


0.33 


0.05 


0.08 


0.38 


0.17 


0.28 


-0.03 


0.26 


0.20 


-0.30 


-0.09 


M68-A96 


-2.18 


0.14 


0.44 


-0.10 


-0.44 


0.05 


-0.06 


0.21 


0.07 


0.53 


-0.13 


-0.49 


-0.38 
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Figure 6. The ratio of several elements with iron abundance vs. [Fe/H]. The symbols are the same as in Figure[5] Pb is not shown since 
it could not be measured for several stars. Note, the only Li-rich giant that shows consistent enhancement in the s-process (including Pb) 
is T6953-00510-1. 



12 



Ruchti et al. 




LJ_ 

05 



0.8 
0.6 
0.4 
0.2 
0.0 
-0.2 
-0.4 
-0.6 

0.2 
0.0 
-0.2 
-0.4 
-0.6 



LJ_ 
N 




LL 

~C0 



2j I I I I I I I I I I I I I I I I I I I I I I I I I ij 

H i 1 1 i |m 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 



T H* 



0.5 - 



-0.5 - 



1.5 r 

1.0 i- 

0.0 7- 

-0.5 i- 



-1.0 r 



^ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 f 



0.0 T----^-*tT- 



1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 



■+- V +- - LU 0.0 7 



I I I I I I 



CD 
LL 



0.8 

0.6 
0.4 
0.2 
0.0 
-0.2 
-0.4 



^ I I I I I I I I I I I I I I I I I I I I I I I I I IJ 



CD 
LL 

CO 



0.2 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 

0.5 

0.0 

0.5 

1.0 
1.5 

1.0 

0.5 

0.0 

0.5 

1.0 



■ ] I I I I I I I I I I I I I I I I I I I I I I M j^ l " 



CD n c; i 



^ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 



+ + +- 



+ 
+ 



+ + + 



J 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 T i 1 1 1 1 1 1 1 i j 



.+ + * 



I — I — I — I — I 



0.0 0.5 1.0 1.5 2.0 2.5 

logg 



0.0 0.5 1.0 1.5 2.0 2.5 

logg 



Figure 7. The ratio of several elements with iron abundance vs. log g. The symbols are the same as in Figure |5] As in Figure |6l the 
Li-rich giants do not show any deviation from the general trends of the VMP comparison sample. Note that the apparent enhancement in 
[Y/Fe] of M3-IV101 is a metallicity artifact. 
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Figure 8. The ratio of several neutron-capture element abun- 
dances vs. metallicity. The symbols and lines are the same as 
in Figure \E\ Note, that T6953-00510-1 shows enhancement in 
[Ba/Eu], suggesting (as in Figures [6l and Fft that it is s-process 
enhanced. 

RGB-bump were class III. Note that those stars with es- 
timated values of Wm greater than the total broadening 
are assumed to have a non-measurable rotational veloc- 
ity- 

The majority of our Li-rich giants showed no measur- 
able rotational velocity. We found non-negligible values 
of - 3 km s-^ for T5496-00376-1 and ~ 4 km s^^ for 
T8448-00121-1, but these values are only slightly larger 
than the expected projected rotation of low -mass giants, 
vsini < 2 km s'^ ()de Medeiros et al.llT996[ ). C1012254- 
203007 and T9112-00430-1, however, have vsini = 8 - 
10 km s^^. This implies that they very well could be 
rapidly rotating. 

What would cause these stars to rapidly rotate? It 
is possible that extra angular momentum, dredged- 
up as mass is redistributed during increased convec- 
tion, could induce increased rotation in these stars 
(|Fekel & : Bala chandranI |1993() . Another possibility is 
that these stars have accreted material from a planet or 
companion star, which would also contribute extra an- 
gular momentum to the stars. If indeed the two rapidly 
rotating stars are in a binary system, signatures may be 
present in their spectra, which is discussed below. 

4.5. Radial Velocity Variations 

None of the echelle data shows obvious line profile 
asymmetries or other spectral signs of having a bright 



secondary star in the system, but the light from a low- 
luminosity main sequence or white dwarf companion 
would be swamped by the light from the bright giant 
star in the optical spectrum. 

For most of our stars, we only have two radial veloc- 
ity rn easurements: the initial RAVE DR3 (jSiebert et al.l 
120111 ) observation (with a systematic uncertainty of 
about 3 km s~^) and the echelle observation discussed 
here. RAVE observed two of the stars twice, and we 
have three echelle observations of C1012254-203007. All 
together, we have 21 radial velocity measurements of 
the eight RAVE Li-rich stars. The mean difference 
(RAVE— echelle) in the heliocentric radial velocities is 
O.Sil.Skms'i, which lies within the RAVE RV mea- 
surement error. 

Both T9112-00430-1 and T6953-00510-1 shared the 
largest difference of 3.8 km s~^ and 3.4 km s~^, respec- 
tively, between two observations of the same star. These 
differences, however, are only ~ 0.5 — 1.0 km s~^ larger 
than the systematic uncertainty of the RAVE radial ve- 
locities. All other repeat observations have a velocity 
difference of less than twice the internal uncertainties. 

4.6. Mass Loss 

We further searched the spectra of our candidate 
Li-rich giants for signs of possible mass-loss, inspect- 
ing the strong photospheric lines in each spectrum, 
such as Ha, the Na D lines , and Ca ii H and K 
lines (|Balachandran et al.l[2000l : iDrake et al.l |20Qa). The 
only two stars in our sample to show possible evi- 
dence of mass-loss in our sample are T9112-00430-1 and 
J142546. 2-154629. In both cases, we identified emis- 
sion in the wings of Ha. However, the emission was 
less pronounced in the spectrum of J142546. 2-154629. 
Both stars showed no other signs (in the Na D or Can 
H and K lines) of mass-loss in their spectra. The emis- 
sion features could be an indicator that these stars are 
evolving on the AGB (see ij5.3p . Further, this mass- loss 
could be a possi ble trigger for Li-production in these stars 
pe la Reza et al . 1996, 2000), however, an investigation 
of infrared excess is needed to confirm this. 

5. LITHIUM PRODUCTION FROM RGB TO AGB 

The stage of evolution (AGB or RGB) in which each 
star belongs is an important aspect for understanding the 
mechanisms that underlie Li production. We therefore 
investigated the abundance patterns in each star in an 
attempt to find indicators for their evolutionary status, 
as well as Li-production mechanism. 

5.1. Li-enrichment on the RGB 

Early on in a low-mass star's climb up the RGB, it un- 
dergoes the first dredge-up on the RGB after its outer 
convective envelope reaches the shell-burning regions. 
Standard theories of low-mass stellar evolution predict 
that the ^^C/^^C ratio drops from over 60 to about 40 
aroun d the point of the first dredge-up (jGratton et al.l 
I2000f ). The first dredge- up mixes fresh H on the sur- 
face layers to the interior of the star, which causes 
a strong molecular weight discontinuity at the deepest 
extent of the convective envelope. It has been sug- 
gested that this molecular weight discontinuity, com- 
bined with rotation, induces extra mixing, such as ther- 
mohaline mixing, that triggers Li-enrichment at the 
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RGB -bump (iCharbonnel fc B alachandranI 120001: lUlrich| 
1972HKippenhahn et al.l ll980: Charbonncl & Zahn 2007; 
Eggleton et alj I2008D Further, iCharbonnel fc Zahul 
found that for low-mass (M < 0.9Mq), metal- 
poor ([Fe/H] < —0.5) stars, carbon and ^^C/^'^C are also 
reduced while the nitrogen abundance increases. These 
trends predicted by t hermohaline mixing were shown by 
lAngelou et aD (pOlTI ) to agree with observational data in 
the study of the CNO abundances in M3 stars. 

The two Li-normal giants (J043154.1-063210 and 
J195244. 9-600813) are most likely evolving along the 
RGB. J043154.1-063210 lies at a higher gravity than 
the RGB luminosity bump (see Figure [1]). Should it 
be on the RGB, it is most likely going through its first 
dredge-up. J195244. 9-600813, on the other hand, ap- 
pears to lie on the RGB-bump. It is possible that both 
stars are at the beginning of the RGB-bump mixing 
phase. This would also explain the intermediate (best- 
fit) value of the i^c/^G ratio (- 12) of J043154.1- 
063 210 since the mixin g has not yet reduc ed the ra- 
tio (ICharbonnel fc Do N ascinicnto 1998; Gr atton et al.l 
120041 and references therein) . 

The picture is more complicated, however, for our Li- 
rich giants. The majority of these stars have best-fit 
12q^13q values greater than 10. This is unexpected be- 
yond the RGB-bump, given the above scenario, espe- 
cially once a star has reached the RGB-tip. One pos- 
sibility is that our best- fit ^^C/^^G values are overesti- 
mated due to a flat likelihood peak. For example, T5496- 
00376-1, the most metal-rich ([Fe/H] = -0.63) giant in 
our sample, is the only Li-rich giant with stellar param- 
eter values consistent with the RGB-bump. The best fit 
carbon isotopic ratio for this star, however, is a bit larger 
(~ 15) than expected if Li-enrichment took place as de- 
scribed above. Our lower-limit to ^^C/^'^C, however, is 5, 
which is much closer to that predicted by Li-enrichment 
at the RGB-bump. Alternatively, this star may not have 
finished this mixing episode, which would imply that the 
12q^13q ratio is still decreasing, and that its Li abun- 
dance is still increasing. However, this solution would 
not explain those stars near the RGB-tip that would have 
finished the Li-enrichment phase at the RGB-bump. 

The Li-enrichment obtained at the RGB-bump is also 
expected to decrease as a star evolves beyond the RGB- 
bump due to normal Li-dilution. Indeed, the Li-rich 
phase at the RGB-bump is quite short. According to 
iDenissenkov fc Herwid ()2004[ ). the phase should last no 
longer than a few million years. This implies that the 
Li should be (at least partially) depleted by the time 
a star reaches the RGB-tip. According to the H-R di- 
agram, T6953-00510-1 has a gravity and temperature 
consistent with it being on the RGB, but it has most 
likely evolved past the RGB-bump. Its Li-abundance 
is less than T5496-00376- 1, as well as those found for 
solar metallicity stars fcf.. lKumar et al]l2011| ). It could 
therefore have ended the extra mixing phase at the RGB- 
bump and its Li-abundance is now being depleted. Also 
note that it has a low carbon isotopic ratio, ^^C/^^C ~ 5, 
suggesting that it has gone through thermohaline mixing. 

It should be noted that this star is the only one in our 
sample that shows consistent s-process enhancement (as 
discussed in We also argue that it may be "CNO- 

increased", in that its CNO abundances are somewhat 



enhanced in comparison to the other Li-rich stars in our 
sample. This star is not evolved enough to have produced 
(and dredged-up) the s-process and CNO abundances in 
its atmosphere. Most likely these enhancements are due 
to pre-enrichment at birth or mass transfer in a long- 
period binary. Although we found no conclusive dispar- 
ities in the radial velocity of T6953-00510-1 (see ^ts)) . 
radial velocity variation from a long-period binary would 
be virtually undetectable without a dedicated radial ve- 
locity study. 

The high-luminosity Li-rich giants in our sample, how- 
ever, have Li-abundances equal to or greater than the 
stars in our sample near the RGB-bump (as well as that 
of solar- metallicity stars in previous samples), contrary 
to th at predicted for Li -enrichm ent at the RGB-bu mp 
(e.g.. ICharbonnel fc Prim as 2005!: lKumar et al.l[20TTI ). A 
solution to this discrepancy is that these stars have un- 
dergone Li- enrichment via extra-dee p mixin g combined 
with GBP. iSackmann fc Boothrovdl (|1999f ) show that 
CBP can take place anywhere along the RGB, while the 
amount of Li-enrichment highly depends on the rate of 
mixing in the star. They further predict that the max- 
imum Li abundance attained by a star can occur be- 
fore significant amounts of ^'^C lower the ^^C/^'^C ratio. 
Thus, Li-rich giants could have values of ^^C/^^C ranging 
from ~ 4 up to ~ 30, which is consistent with the values 
of ^'^C/^^C found for our Li-rich giants. Note also, that 
the projected rotational velocities {vsmi = 8— 10 km s~^) 
of C1012254-203007 and T9112-00430-1 may be large 
enough to induce the high extra-mixing rates needed to 
achieve Li-enhancement via CBP. 

Another possibility is the so-called "Li-fiash" of 
Palacios ct al. (2001). This model also predicts that 
the Li-rich phase begins at the RGB luminosity function 
bump when ^Be, transported from the interior, decays 
into ^Li and burns in a Li-burning shell. This extra en- 
ergy rapidly increases the star's luminosity and forces ex- 
tra mixing, including the transport of more ''Be (which 
decays into ^Li) to the surface. This mixing initially 
does not change the surface carbon isotope ratios, but 
the enhanced convection eventually reaches the depth 
where ^^C is converted to ^"^C and the temperature is 
high enough to burn the freshly-minted Li (''Li(p, a)a). 
Both the surface Li-abundance and ^^C/^'^C ratio are 
t hen lowered. 

iPilachowski et al.l (|2003l ) analyzed the previously dis- 
covered Li-rich giant M3 IV- 101 and found that the in- 
termediate value of the star's ^^C/^^C ratio (of which 
we found a similar value) and its high luminosity were 
consistent with the Li-flash model. Our analysis shows 
that several of the Li-rich giants are much brighter than 
the RGB-bump and indeed that these stars have an es- 
timated luminosity that is about 15 ti mes the RGB- 
bump luminosity. The Li-flash model of iPalacios et al.l 
(2001) predicts a factor of ~ 5.5 increase in luminosity, 
but based on an assumed 1.5 M0 solar-metallicity star, 
rather than the lo wer-mass VMP stars studied h ere. Fur- 
ther, recall that IDenissenkov fc Herwigl (|2004l ) showed 
that canonical extra mixing cannot be responsible for 
the Li-flash. However, if this scenario were possible in 
low-mass stars, then it could explain the luminous Li- 
rich giants in our sample, but cannot provide a solution 
for the less-luminous giants. 
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5.2. Li-enrichment on the Horizontal Branch 



IKumar et al.l (j2011l ) found that their stars close to the 
RGB-bump were more likely associated with the theo- 
retical position of the red clump, in which metal-rich (or 
young) stars have begun their core He-burning. Since it is 
highly unlikely that the Li-rich phase at the RGB-bump 
would last until the red clump, they postulated that the 
Cameron-Fowler mechanism may also play a role during 
the He-core flash for stars with M < 2.25Mq. 

This relies on the fact that enough '^He has survived 
mixing along the RGB (e.g., thermohaline mixing) for 
the Cameron- Fowler mechanism to take effect. They sug- 
gest that stars experiencing this mechanism would sur- 
vive as Li-rich giants for about 1% of their horizontal 
branch lifetime, which corresponds to a few Myr. Our 
stellar parameter values for T5496-00376-1 show that it 
is also consistent with the horizontal branch (see Fig- 
ure [1]). It is therefore possible that T5496-00376-1 could 
actually be a horizontal branch (core He-burning) star 
that has undergone Li-production at the He-core flash. 

5.3. Li-enrichment on the AGB 

The high-luminosity stars in our sample also appear to 
be consistent with the early TP- AGB phase of evolution. 
T9112-00430-1, for example, is most likely already evolv- 
ing on the AGB. Its position far above the RGB-tip (see 
Figure [ij suggests that the derived values of the stel- 
lar parameters are being affected by strong departures 
from hydrostatic equilibrium. More importantly, T9112- 
00430-1 has been found to be a variable star according 
to the All Sky Automated Sur vey (ASAS) Catalog of 
Variable Stars (|Po imanskill2002f ) . This is further corrob- 
orated by the presence of emission in the wings of Ha in 
its spectrum (see §4.6p . which suggests that it could be 
surrounded by a circumstellar envelope. 

Hot bottom burning is not expected for our stars. They 
are metal-poor, which implies they could be old, and 
so have masses low enough {M ^ 1 Mq) that the con- 
vective envelope and H-burning shell are not connected. 
However, given that enough ^He remains after the stars 
ascent of the RGB, CBP (as described in [JT]) can oc- 
cur on the AGB. Extra deep mixing mechanisms, similar 
to that of an RGB star (e.g., thermohaline mixing), in 
the radiative layer of a low-mass AGB star can connect 
the H-burning shell with the convective envelope, which 
will then drive the production of ^Li by the Cameron- 
Fowler mechanism. It is possible, however, that the Li- 
enrichment from CBP on the AGB might be less than 
that on the RGB since the amount of '^He is expected to 
be depleted from the RGB. As noted in gSH C1012254- 
203007 and T9112-00430-1 have projected rotation ve- 
locities large enough that efficient mixing speeds could 
also be achieved to produce Li-enhancement via CBP on 
the AGB. 

During the TP-AGB phase, third dredge-up episodes 
enrich the envelope with s-process elements that are syn- 
thesized during the period between thermal pulses, when 
^•^C in the star's interior is burned and supplies neutrons 
(jStraniero et al.lfl995l ). Our high- luminosity Li-rich gi- 
ants show, however, no signs of s-process enrichment. 
This implies that if they are AGB stars, they have not 
gone through en ough TDU episodes to drive up the s- 
process. Further, iGirardi eFal.. (,2010. ) found that a low- 



mass (Mini ^ l-OMo), low-metallicity AGB star would 
remain 0-rich (log(C/0) < 0) for its entire TP-AGB 
evolution, which is consistent with the CNO abundances 
found for the high-luminosity Li-rich giants in our sam- 
ple. 

We conclude that those stars in our sample that are 
evolving on the AGB (e.g., T9112-00430-1) should be 
(early) TP-AGB objects of low mass where very efficient 
CBP can occur, while the core is not massive enough to 
drive the third dredge-up. 

5.4. External Interactions 

iDenissenkov fc Herwid (|2004[ ) suggest that the influ- 
ence of a nearby companion (giant planet or star) could 
induce the extra mixing necessary to bring ^Be up to 
the cooler surface where Li is produced, by the reaction 
''Be(e~, J^)^Li, and does not suffer rapid destruction from 
proton captures. Indeed, Li-rich dwarf stars that show 
possible lithium pollution from a companion star have 
been discovered i n globular clusters (s ee, for example. 
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120111: iMonaco et al.l [20TTbl ). In particular, 
(|2011| ) found a Li-rich star that showed no 
enrichment in s-process to be in a binary system. They 
suggested that the Li-enrichment arose from mass trans- 
fer from a companion giant star which had undergone 
CBP. 

The high projected rotational velocity found for 
C1012254-203007 and T9112-00430-1 could have been 
produced by the transfer of angular momentum from 
a binary companion. While we did not have the ob- 
servations to d etect extrasolar planets around our stars, 
we checked the iSchneider et al.l (|2011[ ) extrasolar planet 
database but did not find coincidences. We further 
looked for radial velocity variations that might indicate 
a low-luminosity stellar-mass companion. The lack of 
large radial velocity variations over the whole sample 
strongly suggests that a close stellar-mass companion is 
not required for the Li-rich phase to occur. The abun- 
dances of T6953-00510-1, however, suggest that it may 
have been enriched through mass transfer by an evolved 
stellar companion in a wide binary. For this reason, re- 
cent Li-enrichment (so that the Li has not yet burned 
away) from an evolved companion cannot be ruled out 
for this star. 

6. CONCLUSION 

This work presents the largest sample of metal-poor Li- 
rich giants to date. We have discovered five new metal- 
poor ([Fe/H] —1.9) Li-rich giants, and one Li-rich giant 
at a larger metallicity of ^ —0.6 dex in the RAVE sur- 
vey. These stars were found in a total sample of ^ 700 
stars. This is consistent with the previous finding that 
about 1% of all giants are Li-rich, which suggests that the 
frequency of Li-rich giants is independent of metallicity. 

We have further analyzed the newly-discovered (in this 
work) Li-rich member of the globular cluster M68, and 
confirmed the large Li abundance o f M3-IV 101, whose 
Li-rich nature was discovered bv Kr aft et al.l (|T999). The 
Li-rich giant in M68 adds to the very small number of gi- 
ants in globular clusters identifie d to have Li-enrichment. 
Indeed. TPilachowski et al.l (|2000f) did not find any Li-rich 
giants in a sample of over 200 giants selected from several 
globular clusters. Further, all Li-rich giants identified in 
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globular clusters (including the giant in M68) have been 
found to be evolving near the RGB-tip. 

We performed a detailed abundance analysis of all stars 
and found that, aside from Li, the majority of the Li- 
rich giants in our sample have abundance trends that 
resemble that of the RAVE-VMP comparison sample. 
This is consis t ent w ith, and extends, the findings of 
iCastilho et al.l (|200CI| ) for solar-metallicity Li-rich giants. 
The Li-rich giants in our sample are relatively carbon- 
poor and nitrogen-rich, with normal oxygen abundances 
found for metal-poor halo giants. Only one star in our 
sample, namely T6953-00510-1, shows enhancements in 
C, N, and the s-process elements. We attribute these en- 
hancements to either pre-enrichment or binary pollution, 
and conclude that such enhancements are not connected 
to the mechanisms that produce Li in our full sample. 
Although we found no large radial velocity variations for 
the stars in our sample, a radial velocity study, over a 
longer time-period, would be useful to determine if any 
of our giants belong to a long-period binary. We further 
computed the projected rotational velocities of our stars, 
finding that only two stars, C1012254-203007and T9112- 
00430-1, are rapidly rotating with wsim > 8 km s^^. 

An important finding is that the high-luminosity gi- 
ants can have Li abundances equal to those found 
for giants near the RGB-bump, which has also been 
found for stars in o ther en vironments and higher 
metallicities (i Doming uez et al.l [20 04: Kraft et al. 199^ 
iMonaco fc Bonifaciol 120081 : iMonaco et al.l I2011al) . If the 
stars at the RGB-bump and RGB-tip were enriched 
in Li by the same process, this would argue against 
a single Li-enrichment phase at the RGB-bump. In 
this case, the RGB-tip giants should have less Li abun- 
dances than those at the RGB-bump, contrary to our 
results. Instead, the most likely scenario is that the Li- 
rich giants have undergone Li-enrichment via cool bot- 
tom processing. This process is also in agreement with 
our best-fit ^^C/^^C values for the Li-rich giants. Fur- 
ther, the metallicity and Galactic population member- 
ship (e.g., thick disk and halo) of the Li-rich giants in 
our sample are consistent with old ages and low masses 
(< 1 Mq). Our identification of luminous Li-rich giants 
evo lving above the RGB-bump therefor e contrasts with 
the iCharbonnel fc BalachandranI ()2000D suggestion that 
Li-rich giants should be found above the RGB-bump only 
in intermediate-mass stars. 

It is possible that some of the luminous giants in our 
sample are AGB stars. In those cases, GBP is still feasi- 
ble as long as some '^He has survived after the RGB. Hot 
bottom burning is not possible for our stars, as this pro- 
cess requires a much larger stellar mass. We also cannot 
rule out the possibility that T5496-00376-1 is a horizon- 
tal branch star that was enriched in Li during its He-flash 
phase, but this has not been modeled. Future infrared 
observations of these stars would be beneficial for mea- 
suring any infrared-excess that would imply that they 
are evolving on the AGB. In addition, asteroseismology 
observations obtained with the Kepler spacecraft could 
also be used to distingui sh between RGB and HB stars 
(e.g. iBedding et alll20ll . 

It is clear from this study that metal-poor Li-rich 
giants are crucial for constraining the models of Li- 
production in giants. The discovery and analysis of 
more metal-poor Li-rich giants will allow for more ro- 



bust statistics and enhance our understanding of these 
rare and important objects. 
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